The effects of viscous dissipation on the entropy generation of water-alumina nanofluid convection in circular microchannels subjected to exponential wall heat flux are investigated. Closed-form solutions of the temperature distributions in the streamwise direction are obtained for the models with and without viscous dissipation term in the energy equation. The two models are compared by analyzing their relative deviations in entropy generation for different Reynolds numbers and nanoparticle volume fractions. The incorporation of viscous dissipation prominently affects the temperature distribution and consequently the entropy generation. When the viscous dissipation effect is neglected, the total entropy generation and the fluid friction irreversibility are nearly twofold overrated while the heat transfer irreversibility is underestimated significantly. By considering the viscous dissipation effect, the exergetic effectiveness for forced convection of nanofluid in microchannels attenuates with the increasing nanoparticle volume fraction and nanoparticle diameter. The increase in the entropy generation of nanofluid is mainly attributed to the intensification of fluid friction irreversibility. From the aspect of the second-law of thermodynamics, the widespread conjecture that nanofluids possess advantage over pure fluid associated with higher overall effectiveness is invalidated.
Introduction
The importance of electronics cooling continues to thrive in light of the elevated power consumption density of microelectronic systems. Microscale heat transfer becomes a topical subject and innovative methods have been devised to improve the cooling performance of miniaturized devices. Microchannel heat sink manifests itself as one of the promising solutions due to its large area-to-volume ratio. Previous studies have reported the enhancement of heat transfer performance of microchannel by using nanofluids as the working fluids [1] [2] [3] . With the suspension of nanoparticles, the effective thermal conductivity and viscosity of nanofluids are intensified [4, 5] . Unlike microsized particles, the suspension of nanoparticles eliminates clogging problem in microchannel flows. Therefore, nanofluid is a promising candidate of innovative working fluid in microchannel heat sinks for the sake of heat transfer enhancement.
Most of the existing nanofluid-related studies focused on the heat transfer characteristics from the first-law point of view while relatively scarce studies dealt with the second-law analysis which is crucial in understanding the entropy generation attributed to the thermodynamic irreversibility. Minimizing the entropy generation leads to optimal engineering system design which decreases the irreversibility and makes the thermodynamics process more "applicable" [6] . This is in accordance with Gouy-Stodola theorem which states that the destruction of available work in a system is directly proportional to entropy generation. This engineering research approach is known as entropy generation minimization, which is proved to be a robust optimization tool for various thermal applications [7] [8] [9] [10] [11] [12] [13] . In low Peclet number flow, the suspension of nanoparticles enhances the effect of streamwise conduction and augments the entropy generation in nanofluid flow [13, 14] . When heat transfer irreversibility is dominant, the suspension of nanoparticles decreases the entropy generation of the flow [15, 16] . Numerous studies have reported the advantages of using nanofluid in term of exergetic effectiveness [17] [18] [19] [20] [21] [22] .
The entropy generation is contributed by two components, namely, the heat transfer irreversibility and the fluid friction irreversibility. Therefore, it is closely related to thermal and hydrodynamic characteristics of a system. Viscous dissipation, which is a source of heat generation in fluid flow, generates appreciable rise in the fluid temperature. Its effect is particularly significant in a microchannel flow which has large length-to-diameter ratio [23] . The thermal performance of microchannel is overrated when the viscous dissipation term is neglected [24] , and the viscous dissipation effect increases with the suspension of nanoparticles in fluid [25] . The second-law analysis of viscous dissipation effect on nanofluid flow is very limited. An analytical study was performed to investigate the viscous dissipation effect on the entropy generation of nanofluid flow under the constant heat flux condition [25] . The spatial information of the entropy generation in the radial direction was analyzed. The total entropy generation of the nanofluid increased when the viscous dissipation effect was taken into account [25] . However, none of the existing studies dealt explicitly with the effect of viscous dissipation on the streamwise entropy generation of nanofluid flow in microchannel.
In this paper, the viscous dissipation effect on the streamwise entropy generation of nanofluid flow in microchannel subjected to exponential wall heat flux is scrutinized. This is particularly important as viscous heating is expected to induce a net increase of the fluid bulk temperature in the streamwise direction, and the effect of viscous dissipation is too significant to be neglected due to the existence of high velocity gradient in microchannel flows. It is consequently conjectured that the effects of viscous dissipation on the streamwise entropy generation are also important. The present analysis emphasizes on the details of the temperature distributions and entropy generation variations with the governing parameters, such as Reynolds number, nanoparticle volume fraction, nanoparticle diameter, and microchannel aspect ratio. The contributions of entropy generation ascribable to the fluid friction and heat transfer irreversibilities which are intimately associated with viscous dissipation effect are examined and discussed.
2 Mathematical Formulation 2.1 Thermophysical Properties of Nanofluid. The applications of nanofluids in microchannels can be beneficial to industries such as electronic, automotive, energy, and aerospace to improve the heat transfer performance in a confined space. In this study, water-Al 2 O 3 nanofluid is chosen as the working fluid. Its effective thermal conductivity can be predicted by using the correlation which incorporates the effects of Brownian motion-induced convection from multiple nanoparticles as [26] 
where C k is a constant coefficient defined as
In Eq. (2), j ¼ k p =k f is the thermal conductivity ratio of the particle thermal conductivity k p to the base fluid thermal conductivity k f , Pr ¼ c p;f l f =k f is the Prandtl number of the fluid, / is the nanoparticle volume fraction, a ¼ 2R b k f =d p is the Biot number of the particle, d p is the diameter of nanoparticle, and R b is the interfacial resistance. The Brownian-Reynolds number is given as [26] . The relative velocity between nanoparticles and base fluid is mainly contributed by the effects of Brownian motion and thermophoresis [27] . As the conventional Einstein model is incapable of capturing these rheological features of nanofluids [28, 29] , semiempirical or empirical correlations have to be employed. By considering the relative velocity in nanofluid, the effective viscosity is modeled by using a modified Einstein model as [29] 
where l f is the dynamic viscosity of the base fluid, and the C l is defined as
with e ¼ À1=4 and g ¼ 280 as the empirical constants for Al 2 O 3 nanoparticles. The effective density is taken on the basis of volume average as [30] 
while the effective specific heat, which is based on the mass average, is defined as [31] 
2.2 First-Law Formulation. The fluid flowing in microchannel is treated as a continuous medium, and the continuum modeling approach is applicable for most cases with channel diameter larger than 1lm [32] . Based on viscosity measurements, most nanofluids manifest themselves as Newtonian fluids [33, 34] . For a steady, hydrodynamically developed laminar flow in a circular microchannel with an internal radius r o , the equation of motion is given by 1 r @ @r r @u @r
By employing no-slip and symmetrical boundary conditions, respectively, at the wall and the center of microchannel, Eq. (7) can be solved to yield
where u is the mean velocity of the nanofluid over the channel cross-sectional area. The fluid phase and the nanoparticles are assumed to be in thermal equilibrium, and the energy equation is given by
where T is the temperature of nanofluid. The streamwise conduction and viscous dissipation terms are incorporated, respectively, as the second and third terms on the right-hand side of Eq. (9). The radial thermal boundary conditions are expressed as
The microchannel is subjected to an exponentially decaying wall heat flux, where q 00 0 is the wall heat flux at position x ¼ 0 and b is the exponent in wall heat flux variation. The exponential wall heat flux condition is more realistically practical compared to the isothermal and isoflux boundary conditions [35, 36] . In fact, external heating/cooling case as well as the idealized isothermal and isoflux conditions are the special cases of exponential heat flux condition [35] [36] [37] . A common case of exponentially varying heat flux is the simple heat exchanger in which heat is exchanged between two fluids [35] . Besides, the consideration of axial conduction in the solid wall of microchannel leads to a wall heat flux variation which can be expressed in exponential forms [38, 39] . The average temperature T and the bulk mean temperature T b are defined as
By integrating Eq. (9) over the cross section of microchannel and applying the thermal boundary conditions in Eq. (10), with the assumption of T b % T [40] , we obtain
By introducing the following dimensionless variables:
with T 0 denoting the mean temperature at the entrance (x ¼ 0), Eq. (12) is nondimensionalized as
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The Peclet number is defined as Pe ¼ RePr nf , the Reynolds number is defined as Re ¼ 2r 0 uq nf =l ef f , the nanofluid Prandtl number is Pr nf ¼ c p;nf l eff =k eff , and the modified Brinkman number is given by Br 0 ¼ l eff u 2 =2r 0 q 00 0 . By specifying the temperature of nanofluid at the entrance and assuming the exit of the microchannel is connected to an adiabatic section, the nondimensional axial thermal boundary conditions are given by
Equation (14) can be solved with Eq. (15) to yield the closed-form temperature profile as
When the viscous dissipation term is neglected in Eq. (14), i.e., Br 0 ¼ 0, we obtain
In what follows, we denote the model with viscous dissipation term incorporated in the energy equation as model 1 (with subscript 1) and the model without viscous dissipation term as model 2 (with subscript 2) in order to compare the results.
Second-Law Formulation.
Entropy generation of a system is contributed by two components, i.e., heat transfer irreversibility and fluid friction irreversibility. The volumetric rate of entropy generation is expressed as [6] 
where U is the viscous dissipation function. The heat transfer irreversibility _ S
000
HT which corresponds to the first term on the righthand side of Eq. (18) is attributed to the heat transfer in the direction of finite temperature gradients. On the other hand, the second term on the right-hand side is the fluid friction irreversibility _ S 000 FF which originates from the viscous effect of fluid friction. On account of Eq. (12), we have assumed that the microchannel temperature is a weak function of the radial direction as compared to the axial direction with T b % T [40] . Accordingly, the volumetric rate of entropy generation can be derived as
the dimensionless entropy generation and its components can be expressed as
where h is the dimensionless temperature of model 1 or model 2 as defined in Eqs. (16) and (17), respectively. The ratio of the heat transfer irreversibility to the total entropy generation rate Be ¼ N HT =N S is denoted as the Bejan number. Be ¼ 1 is the limit at which the heat transfer irreversibility dominates over the fluid friction irreversibility, while Be ¼ 0 is the opposite limit where the irreversibility is solely attributed to the fluid friction irreversibility. The average dimensionless entropy generation over the cross section of the microchannel is given as
The total dimensionless entropy generation over the entire length of the microchannel is expressed as
The integrals in Eqs. (24) and (25) are evaluated using Simpson's rule due to its accuracy.
Results and Discussion
The generation of entropy destroys the available work and induces penalty in the energy efficiency of a system. Therefore, entropy generation analysis is crucial in the conservation of useful energy and the optimization of thermodynamics efficiency of various engineering devices such as energy conversion and storage devices, heat engines, and heat exchangers. The present study emphasizes the entropy generation analysis of viscous dissipative nanofluid at high Reynolds number in order to characterize the thermodynamic performance of such system from second-law point of view. All the results are reported for laminar flow regime of water-alumina nanofluid with 25 Re 2300 [41] . Unless stated otherwise, the input parameters required for the computation are listed in Table 1 . These values are typical for microchannel heat sink applications [42, 43] . The nanofluid inside the microchannel is regarded as a continuum. To assess the validity of this assumption, we evaluate the Knudsen number which is defined as
where k is the fluid molecule mean free path. The effective size and mean free path of water molecules are both of the same order of 0.1 nm [32] . In a similar manner, the mean free path of the nanoparticle is estimated to have the same order with its effective diameter of 10 nm. For the microchannel of interest with an inner diameter of 70 lm, the Knudsen number is Kn 1 Â 10 À3 which is relatively small, justifying the continuum assumption. The properties of water [41] and Al 2 O 3 nanoparticles [44] are evaluated based on the variation of temperature in the axial direction, with the mean temperature over the length of microchannel defined as
Iterations are performed to obtain T op;i of a specific operation condition with a convergence criterion of 1 Â 10 À6 K.
3.1 First-Law Analysis. The viscous dissipation term is proportional to the square of mean velocity. Therefore, Brinkman number and Reynolds number are the key parameters which determine the effect of viscous dissipation [23] . Figure 1 depicts the relationship between the modified Brinkman number and the Reynolds number for water-Al 2 O 3 nanofluid flowing in microchannel with constant q 00 0 and r 0 as listed in Table 1 . It is observed that Br 0 increases with the increase of Reynolds number, indicating that the viscous dissipation effect intensifies as the Reynolds number increases up to 2300. This is due to the intensification of velocity gradient at higher Reynolds number in the laminar flow regime. With the suspension of nanoparticles, the viscous dissipation effect is further augmented. At Re ¼ 2300, Br 0 ¼ 0:1 for base fluid (/ ¼ 0%) while Br 0 ¼ 3:1 for water-Al 2 O 3 nanofluid with / ¼ 10%, signifying that the magnitude of viscous dissipation in nanofluid is greatly intensified. Since the viscous dissipation is characterized by the term l eff ð@u=@rÞ 2 as depicted in Eq. (9), the increase in the effective viscosity of nanofluid amplifies the viscous dissipation effect of the nanofluid remarkably.
To characterize the effect of viscous dissipation on the thermal characteristic of nanofluid flow, the dimensionless axial temperature distributions of nanofluids for both model 1 (with viscous dissipation) and model 2 (without viscous dissipation) are illustrated in Fig. 2 . It is noted that the deviations between the temperature profiles of the two models represent the errors induced by model 2 when the viscous dissipation term is neglected in the energy equation. Generally, nanofluid temperature increases along the axial direction of the microchannel, but the temperature in model 2 approaches asymptotic behavior further downstream of the channel. Due to the exponentially decaying wall heat flux, the input heat flux is small at the downstream region, and therefore, nanofluid flows isothermally without absorbing significant heat from the channel wall for the case of model 2, forming the asymptotic behavior as depicted in Fig. 2 . On the other hand, model 1 temperature increases along the channel due to the presence of viscous dissipation which features as a heat generation in fluid flow, generating appreciable rise in the nanofluid temperature. In the presence of viscous dissipation, the suspension of nanoparticle increases the fluid temperature ascribable to the escalated viscous dissipation effect in nanofluid, accordant with our observation in Fig. 1 . However, for the case of model 2, the increase of the nanoparticle volume fraction decreases the temperature along the microchannel, although the same magnitude of heat flux is applied at the channel wall in both models. Therefore, the operating temperature of microchannel can be reduced by utilizing nanofluid as the working fluid when viscous dissipation effect is negligible. The distinctive characteristics of the temperature distributions portrayed by both cases signify the importance to consider the viscous dissipation effect in nanofluid flow to avoid fallacious performance analysis of the system. Therefore, it can be asserted that the effect of viscous dissipation is significant in the first-law analysis, particularly for nanofluid flow in high Reynolds number regime.
Second-Law Analysis.
Having justified the significance of viscous dissipation in the first-law analysis, it is instructive to investigate the effect of viscous dissipation in the second-law analysis. In what follows, we extend our study to the second-law analysis by investigating the entropy generation rate of viscous dissipative nanofluid flow in microchannel. The study emphasizes on the effects of viscous dissipation and nanoparticle suspension on the entropy generation and its irreversibility components in laminar flow regime.
Entropy Generation Distributions.
The cross-sectional averaged entropy generation distributions in the channel are illustrated in Fig. 3 . By suspending nanoparticles in fluid, the entropy generation in the flow intensifies significantly, causing the destruction of high-quality energy and inducing penalty in the thermodynamic efficiency. By comparing model 1 with model 2, it is discernible that the viscous dissipation decreases the entropy generation of model 1 along the axial direction of the flow, with the entropy generation at the downstream region of the channel reduces as compared to the upstream region. On the other hand, the entropy generation for model 2 is invariant with the axial distance of the channel. Therefore, it is important to consider the streamwise entropy generation of the system when viscous dissipation effect is significant. As the entropy generation consists of the components of heat transfer and fluid friction irreversibilities, it would be instructive for us to investigate the distribution of these components in the channel. Figure 4 (a) depicts the variations of heat transfer irreversibility along the axial direction of the microchannel. When viscous dissipation effect is disregarded, heat transfer irreversibility decreases along the axial direction due to the dwindled temperature gradient at the downstream region of the channel as illustrated in Fig. 2 . The suspension of nanoparticle further decreases the temperature gradient, and therefore, the heat transfer irreversibility reduces in the nanofluids. This implies the advantages of using nanofluids to decrease the heat transfer irreversibility of a system which has negligible viscous dissipation effect. On the other hand, the presence of viscous dissipation induces heating in the working fluid along the flow direction, increasing the temperature gradient which augments the heat transfer irreversibility. The nanofluid temperature of model 1 increases in a constant gradient along the microchannel. Consequently, the variation of heat transfer irreversibility of model 1 with respect to the channel axial direction is insignificant as compared to that of model 2. The opposite trends in the heat transfer irreversibility exhibited by the two models imply the importance to consider viscous dissipation effect in the second-law analysis of nanofluids to avoid fallacious performance evaluation of the system. , it is noted that the magnitude of fluid friction irreversibility is much higher than heat transfer irreversibility, rendering the entropy generation of the flow to be dominated by fluid friction irreversibility. Consequently, the entropy generation distribution plot in Fig. 3 portrays the similar trends and magnitudes with the fluid friction irreversibility distribution plot in Fig. 4(b) . Therefore, the characteristics of entropy generation in the microchannel can be elucidated by scrutinizing the fluid friction irreversibility. It is observed that the fluid friction irreversibility decreases along the microchannel. This is attributed to viscous heating which increases the flow temperature along the axial direction, decreasing the nanofluid viscosity and causing the reduction of fluid friction irreversibility. Therefore, the entropy generation decreases in a similar way. With the suspension of nanoparticles, the effect of viscous dissipation intensifies, causing a larger reduction of the fluid friction irreversibility along the microchannel.
Effect of Viscous Dissipation.
The effect of viscous dissipation on the second-law performance of nanofluid flow in microchannel is investigated by defining the ratio
which expresses the relative error incurred when the viscous dissipation term is neglected in the energy equation. For the case of d > 1, the neglect of viscous dissipation would incur an overestimation in the parameters as listed in Eq. (28) or an underestimation in these parameters for the case of d < 1. d % 1 indicates that the effect of viscous dissipation is insignificant in the flow. Figure 5 depicts the total entropy generation N S and its corresponding discrepancy ratio d as a function of Reynolds number for different nanoparticle volume fractions. The total entropy generations of both models increase as the Reynolds number increases, and it is further intensified with the suspension of nanoparticles in fluid. Therefore, the exergetic effectiveness of nanofluid deteriorates as compared to its base fluid. When Reynolds number is small, the deviation between the two models is insignificant as viscous dissipation effect is negligible in low Reynolds number flow. However, the increase of Reynolds number magnifies the deviation between the two models. One can observe that when the viscous dissipation effect is neglected, the total entropy generation is overrated, accordant with our observation in Fig. 3 . For pure fluid, the deviation between the two models is 5%, which is relatively insignificant. However, for water-alumina nanofluid with 10% volume fraction of nanoparticles, a nearly twofold discrepancy between the two models is induced, demonstrating the importance to include viscous dissipation effect in the second-law analysis of nanofluid. It is reported that the radial entropy generation of the flow is underestimated when the viscous dissipation effect is disregarded [25] . However, the present study which includes the streamwise entropy generation shows that the absence of viscous dissipation could induce a significant overestimation in total entropy generation due to the appreciable rise in the temperature along the axial direction, signifying the Fig. 4 Variations of the cross-sectional averaged (a) heat transfer irreversibility and (b) fluid friction irreversibility along the axial direction of the microchannel for both models Fig. 5 The total entropy generation and the corresponding discrepancy ratio between the two models as a function of Reynolds number importance of considering the streamwise entropy generation in the second-law analysis of viscous dissipative flow. Figure 6 shows the plots of heat transfer irreversibility and fluid friction irreversibility as a function of Reynolds number along with their discrepancy ratio between the two models. Figure 6(a) illustrates that the heat transfer irreversibility of model 2 decreases with the increase of Reynolds number, and the suspension of nanoparticles further reduces the heat transfer irreversibility of the flow. By considering viscous dissipation effect, the heat transfer irreversibility of nanofluid decreases in low Reynolds number flow, but the trend reverses as Reynolds number increases. This is due to the intensification of viscous dissipation effect as Reynolds number increases. Therefore, the suspension of nanoparticles could reduce the heat transfer irreversibility of the flow when viscous dissipation effect is insignificant, but it increases the heat transfer irreversibility of viscous dissipative flow due to the intensified temperature gradient of the system. In model 1, there exists an optimal Reynolds number which generates the minimum heat transfer irreversibility. The discrepancy plot shows that the heat transfer irreversibility of the flow is underestimated when viscous dissipation effect is neglected. The magnitude of underestimation increases significantly in the nanofluids, particularly at high Reynolds number flow. Figure 6 (b) shows that the fluid friction irreversibility is augmented with the increase of Reynolds number and nanoparticle volume fraction. This is due to the intensification of the velocity gradient in high Reynolds number flow as well as the increase of the nanofluid viscosity due to the suspension of nanoparticles. Comparing Figs. 6(a) and 6(b), one can perceive that the magnitude of heat transfer irreversibility is much smaller than that of fluid friction irreversibility. Therefore, Figs. 5 and 6(b) portray similar trends and magnitude, from which one can deduce that the fluid friction irreversibility is the dominant source to the entropy generation of the microchannel which is operated within the laminar flow regime, with negligible contribution from the heat transfer irreversibility. Therefore, the total entropy generation shares the characteristics of its fluid friction irreversibility component. This is justified by the plot of Bejan number as depicted in Fig. 7 which shows that Be ( 1, indicating the dominance of the fluid friction irreversibility over the heat transfer irreversibility. When Reynolds number is small, the Bejan numbers of both models decrease with the increase of nanoparticle volume fraction, implying that the suspension of nanoparticle deteriorates the role of heat transfer irreversibility. When viscous dissipation effect is considered, the trend of the Bejan number plot for model 1 reverses as the Reynolds number increases. However, the reverse of trend is not observed in model 2. The discrepancy plot shows that the Bejan number is underestimated when viscous dissipation effect is neglected, with a higher magnitude of underestimation observed in the nanofluids.
3.2.3
Effect of Nanoparticle Suspensions. The effect of nanoparticle suspensions on the entropy generation of microchannel flow is further scrutinized by defining the ratio
where z 0 is evaluated at / ¼ 0%, which is the case of base fluid. The ratio D implies the relative deviation in the entropy generation between nanofluids and base fluid. For the case of D > 1, the suspension of nanoparticles would incur an amplification in the parameters as listed in Eq. (29) or an reduction in these parameters when D < 1. Figure 8 illustrates the relative deviation in the total entropy generation between nanofluids and base fluid with respect to the Reynolds number. The deviation ratio D is the largest in low Reynolds number flow. When viscous dissipation effect is Fig. 6 (a) The heat transfer irreversibility and (b) the fluid friction irreversibility with the corresponding discrepancy ratio between the two models as a function of Reynolds number Fig. 7 The Bejan number and the corresponding discrepancy ratio between the two models as a function of Reynolds number Fig. 8 The ratio of deviation due to nanoparticle suspension for total entropy generation as a function of Reynolds number considered, D decreases with the increase of Reynolds number. This is because the operating temperature increases with the Reynolds number due to the intensification of viscous dissipation effect, reducing the viscosity of nanofluid at high Reynolds number flow. On the other hand, the deviation ratio D for model 2 approaches asymptotic behavior as Reynolds number increases because the intensification of the fluid temperature is relatively small when viscous dissipation effect is disregarded. At high Reynolds number, i.e., Re ¼ 2300, D % 5 and D % 23, respectively, for nanofluid with / ¼ 1% and / ¼ 10%. Therefore, the suspension of nanoparticle significantly decreases the exergetic effectiveness of nanofluid flow in microchannel heat sink. Figure 9 depicts the plot of the ratio D for heat transfer irreversibility and fluid friction irreversibility with respect to the Reynolds number. From Fig. 9(a) , one can observe that the suspension of nanoparticle decreases the heat transfer irreversibility when the viscous dissipation effect is insignificant. With the increase of Reynolds number, the trend of model 1 reverses due to the augmentation of temperature gradient caused by the intensification of viscous dissipation effect, increasing model 1 heat transfer irreversibility as the nanoparticle volume fraction increases. The increase is as much as a 100-fold over the base fluid when waterAl 2 O 3 nanofluid with / ¼ 10% is used, justifying the disadvantages of using nanofluid from the second-law point of view. Due to the fact that the fluid friction irreversibility is the dominant source of the entropy generation, the plots in Fig. 9 (b) manifest the same characteristics as those in Fig. 8 . As fluid friction irreversibility is proportional to fluid viscosity, the increase of nanofluid viscosity by a factor C l is responsible for the escalated magnitude of the total entropy generation. However, the effect of viscous dissipation is more distinctive in intensifying the heat transfer irreversibility as compared to the fluid friction irreversibility, despite the fact that the fluid friction irreversibility is the loss of exergy contributed by the viscous effect in fluid.
Effect of Nanoparticle Diameter.
Judging from the results presented earlier, it can be asserted that the viscous dissipation effect on the entropy generation is significant, particularly for nanofluid flow with high Reynolds number. In what follows, we shall, therefore, be concerned with model 1 only. From Eqs.
(1)-(4), one can perceive that the thermophysical properties of nanofluids are dependent on the diameter of the suspended nanoparticles. Since the entropy generation is intimately affected by these thermophysical properties, it is instructive to investigate the effects of nanoparticle diameter in affecting the second-law performance of the nanofluids. Figure 10(a) plots the variations of the total entropy generation as a function of nanoparticle volume fraction, with nanoparticle diameter being a parameter. The total entropy generation intensifies as the nanoparticle volume fraction increases. With the reduction in the nanoparticle diameter, the total entropy generation attenuates due to the reduction of nanofluid viscosity. By reducing the size of the nanoparticle from 100 nm to 5 nm, the total entropy generation of water-Al 2 O 3 nanofluid with / ¼ 10% is reduced as much as 97%. Figure 10 (b) depicts the plots of heat transfer irreversibility and fluid friction irreversibility as a function of nanoparticle volume fraction with nanoparticle diameter being a parameter. One can observe that the increase of nanoparticle volume fraction intensifies both irreversibilities, inducing penalty in the thermodynamic efficiency of the system. With the decrease in the nanoparticle size, both heat transfer irreversibility and fluid friction irreversibility reduce significantly. As viscous dissipation induces a substantial temperature rise in the fluid, the reduction of the heat transfer irreversibility with the decrease of nanoparticle size is due to the reduced viscous heating effect in the flow. On the other hand, the reduction of the nanofluid viscosity with the decrease of nanoparticle diameter is responsible for the attenuation of the fluid friction irreversibility in nanofluid with lower nanoparticle size.
Effect of Microchannel Aspect Ratio.
In the presence of viscous dissipation, the channel aspect ratio has significant effects Fig. 9 The ratio of deviation due to nanoparticle suspension for (a) heat transfer irreversibility and (b) fluid friction irreversibility as a function of Reynolds number Fig. 10 Variations of (a) the total entropy generation and (b) the irreversibility components with respect to the nanoparticle volume fraction with d p as a parameter on the thermal characteristics of a flow [23] . Therefore, it is instructive to investigate its effects from the second-law point of view. Figure 11 illustrates the plots of the total entropy generation and its irreversibility components as a function of microchannel aspect ratio with / being a parameter. With the increase of the microchannel aspect ratio, the velocity gradient of the flow decreases, causing the reductions of the total entropy generation and the fluid friction irreversibility. By increasing the microchannel aspect ratio by an order of magnitude, i.e., 10 À3 to 10 À2 , the total entropy generation and the fluid friction irreversibility reduce as much as 99%. For heat transfer irreversibility, the nanoparticle suspension increases the irreversibility at low aspect ratio microchannel due to the significant viscous dissipation effect. As the aspect ratio increases, the effect of viscous dissipation decreases. Consequently, the increase of nanoparticle volume fraction would attenuate the heat transfer irreversibility due to the reduction of the temperature gradient in high aspect ratio microchannel. The opposite effects of nanoparticle suspension on the heat transfer irreversibility in low aspect ratio and high aspect ratio microchannels give rise to an optimum aspect ratio which induces the minimum heat transfer irreversibility in the microchannel.
Conclusions
An analytical model has been developed to investigate the effects of viscous dissipation on the second-law performance of water-alumina nanofluid flow in a circular microchannel heat sink subjected to exponentially decaying wall heat flux. By considering the streamwise entropy generation in the analysis, the total entropy generation and the fluid friction irreversibility are nearly twofold overrated when viscous dissipation effect is neglected, while the heat transfer irreversibility is underestimated significantly. These are attributable to viscous heating which remarkably increases the fluid bulk temperature along the flow direction. Therefore, it is important to consider the viscous dissipation effect to avoid fallacious performance analysis. With the suspension of nanoparticles, the amplification of nanofluid viscosity causes the fluid friction irreversibility and the total entropy generation to be intensified. As a result, the second-law performance of microchannel heat sink deteriorates with the increasing nanoparticle volume fraction. By reducing the size of the suspended nanoparticles, the microchannel entropy generation decreases as much as 97%. Besides, increasing the microchannel aspect ratio improves the exergetic effectiveness of the channel up to 99%. The present study shows the existence of optimal Reynolds number and microchannel aspect ratio, which induce the minimum heat transfer irreversibility, providing the ideal operating conditions for nanofluids particularly when heat transfer irreversibility is the dominant irreversibility.
Nomenclature
Be ¼ Bejan number 
